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Abstract
The determination of the electromagnetic dipole moments of the top quark is one of the most
important goals of the top quark physics program in the collider experiments. For this reason,
the top quark pair production to investigate the sensitivity on the electric and magnetic dipole
moments of the top quark via the process pp → pγp → ptt¯X at the Large Hadron Collider
(LHC), the High-Luminosity Large Hadron Collider (HL-LHC) and High-Energy Large Hadron
Collider (HE-LHC) is discussed. We apply pure leptonic and semileptonic decays for top quark
pair production in the final state. Moreover, we consider systematic uncertainties of 0, 3% and
5%. The best limits obtained from the process pp → pγp → ptt¯X on the anomalous aA and aV
couplings are |aA| = 0.0200 and aV = [−0.9959; 0.0003]. Thus, our results indicate that the process
pp → pγp → ptt¯X is a very good perspective to probe the electric and magnetic dipole moments
of the top quark at the HL-LHC and the HE-LHC.
∗mkoksal@cumhuriyet.edu.tr
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I. INTRODUCTION
The Standard Model (SM) of particle physics has been greatly successful in forecasting
a wide range of phenomena. However, with the ultimate discovery of the Higgs boson with
approximately 125 GeV mass by CMS and ATLAS Collaborations at the LHC, the SM
has obtained a significant achievement [1, 2]. On the other hand, this model leaves some
questions unanswered such as neutrino oscillations, the strong CP problem and matter-
antimatter asymmetry, etc. Thus, it is thought to be embedded in a more fundamental
theory where its effects can be observed at higher energy scales.
Among the all observed elementary particles of the SM, the largest mass particle is the top
quark with a mass of 173.0±0.4 GeV [3]. Investigation of the interactions of the top quark is
important not only for the dynamics of electroweak symmetry breaking but also for testing
of SM and new physics beyond SM. Up to now, this heavy quark produced by the various
processes at the Tevatron and LHC was examined in detail. In this case, in addition to
detecting the top quark, it has been a tremendous motivation to examine the characteristics
and potential of the top quark in both decay and production. The complicated experimental
results of the LHC are accomplished by precise theoretical predictions within the framework
of the SM and beyond the SM. Many of its properties are still poorly constrained such as the
electric and magnetic dipole moments and the chromoelectric and chromomagnetic dipole
moments. For this reason, important new insights on the properties of the top quark will
be one of the tasks of the LHC. Especially, the anomalous tt¯γ couplings that can define the
electromagnetic dipole moments of the top quark, which is the subject of this study, have
been investigated extensively at lepton-lepton, hadron-hadron colliders and lepton-hadron
colliders.
One of the significant events in the field of fundamental interactions currently defined
by the SM is the violation of CP symmetry. CP violation in the SM is identified with a
complex phase in the CKM matrix. However, this information from the CKM matrix for CP
violation cannot define the matter-antimatter asymmetry in the universe. This asymmetry
is one of the principal questions in the SM. Therefore, the measurement of large amounts
of CP violation in the top quark events in the examined processes can be a proof of new
physics beyond the SM. Investigation of new physics beyond the SM, some of the intrinsic
properties of the top quark are examined in the context of its dipole moments such as the
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magnetic dipole moment arising from one-loop level and the corresponding electric dipole
moment that is defined as a source of CP violation coming from the three-loop level in the
SM [4, 5].
The value for the magnetic dipole moment of the top quark predicted by the SM is 0.02.
This value can be tested in the current and the upcoming experiments. In addition, the
electric dipole moment of the top quark in the SM is suppressed with a value of less than
10−30(e cm). Besides, it is highly attractive for the investigation of new physics beyond the
SM. If there is a sign of new physics beyond the SM in the examined processes at the LHC,
then the top quark may have an the electric dipole moment higher than the SM value.
In the literature, there have been different proposals to observe the electric and magnetic
dipole moments of the top quark. Studies at the Tevatron and the LHC were recommended to
obtain the electromagnetic dipole moments of the top quark in measurements of the processes
pp¯ → tt¯γ [6], pp → tjγ [7, 8] and pp → pγ∗γ∗p → ptt¯p [9]. The reactions e−e+ → tt¯ [10],
γe→ t¯bνe [11], e−e+ → e−γ∗e+ → t¯bνee+ [11], γγ → tt¯ [12] and e−e+ → e−γ∗γ∗e+ → e−tt¯e+
[12] at the future e−e+ linear colliders and their operating modes of eγ, eγ∗, γγ and γ∗γ∗ were
investigated to set the limits on the electric and magnetic dipole moments of the top quark.
However, the reactions ep → t¯νeγ [13], ep → eγ∗p → ett¯X [14], ep → eγ∗p → etWX [14]
and ep → eγ∗γ∗p → ett¯p [15] in phenomenological investigations on the future ep colliders
are considered. Finally, Ref. [16] studied the limits on the electromagnetic dipole moments
of the top quark that are calculated from measurements of the semi-inclusive decays b→ sγ,
and of tt¯γ production at the Tevatron and the LHC. In summary, all of the current limits
on the electric and magnetic dipole moments of the top quark are represented in Table I.
For the present, the LHC has finalized its phase 2 and has closed for an upgrade between
2019 with 2020 years. In later times, it is going to operate at a center-of-mass energy of 14
TeV during the period 2021-2023 and is going to collect almost 300 fb−1 of additional data
for each detector. However, there will be a major upgrade of the LHC to High-Luminosity
LHC (HL-LHC) between 2023 with 2026. Therefore, HL-LHC is anticipated to operate
for ten years until 2036. At the end of this duration, it is estimated that each detector will
collect approximately 3000 fb−1 data. Other colliders other than HL-LHC are also discussed.
Also, the High-Energy LHC (HE-LHC) with a center-of-mass energy of 27 TEV at CERN is
designed. It will collect a dataset corresponding to an integrated luminosity of 10-15 ab−1.
For the new physics research beyond the SM at LHC, pp deep inelastic scattering pro-
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TABLE I: Sensitivity limits on the magnetic and electric dipole moments of top quark through
different processes at pp, e−e+ and ep colliders
Processes aV aA
pp→ tt¯γ [6] (−0.200, 0.200) (−0.100, 0.100)
pp→ tjγ [8] (−0.220, 0.210) (−0.200, 0.200)
pp→ pγ∗γ∗p→ ptt¯p [9] (−0.4588, 0.0168) (−0.0815, 0.0815)
e+e− → tt¯ [10] (−0.002, 0.002) (−0.001, 0.001)
γe→ t¯bνe [11] (−0.027, 0.036) (−0.031, 0.031)
e−e+ → e−γ∗e+ → t¯bνee+ [11] (−0.054, 0.092) (−0.071, 0.071)
γγ → tt¯ [12] (−0.220, 0.002) (−0.020, 0.020)
e−e+ → e−γ∗γ∗e+ → e−tt¯e+ [12] (−0.601, 0.015) (−0.089, 0.089)
ep→ t¯νeγ [13] (−0.204, 0.185) (−0.193, 0.193)
ep→ eγ∗p→ etWX [14] (−0.204, 0.185) (−0.193, 0.193)
ep→ eγ∗p→ t¯νebp [14] (−0.089, 0.085) (−0.087, 0.087)
ep→ eγ∗γ∗p→ ett¯p [15] (−0.468, 0.0177) (−0.088, 0.088)
Radiative b→ sγ transitions [16] (−2, 0.3) (−0.5, 1.5)
cesses that involve subprocesses of gluon-gluon, quark-quark and quark-gluon collisions are
generally investigated in detail. However, due to proton remnants, these processes have
not provided very clean environment. Pollution in this environment can occur certain un-
certainties and make it tough to observe the signs which may arise from the new physics.
Nevertheless, in the literature, exclusive and semi-elastic processes are much less examined.
Both of the incoming protons in an exclusive process remains intact and do not dissociate
into partons. In addition to this, only one of the incoming protons in a semi-elastic process
dissociates into partons but the other proton remains intact. The exclusive and semi-elastic
processes are γ∗γ∗ and γ∗p, respectively. Among these processes, the cleanest channel is
γ∗γ∗. The exclusive and semi-elastic have simpler final states with respect to pp processes.
Therefore, these processes compensate for the advantages of pp processes such as having
high center-of-mass energy and high luminosity.
In γ∗p processes, since one from the incoming protons decomposes into partons they con-
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tain more background than γ∗γ∗ processes. Besides, γ∗p processes have effective luminosity
and much higher energy compared to γ∗γ∗ process. This may be significant because of the
high energy dependencies of the cross sections containing the new physics parameters. For
this reason, γ∗p processes are anticipated to have a high sensitivity to the anomalous cou-
plings. Photons emitted from one of the proton beams in γ∗p collision at the LHC can be
defined in the framework of the Equivalent Photon Approximation (EPA) [17–19]. These
photons in the EPA have low virtuality. Since protons emit quasi-real photons, they do not
decompose into partons. The EPA has many advantages. It aids to obtain crude numerical
predictions via easy formulas. In addition to this, the EPA can mainly simplify the exper-
imental analysis because it provides an occasion one to directly get a rough cross-section
for γ∗γ∗ → X subprocess via the investigation of the process pp → pXp. Here, X denotes
objects produced in the final state. In the literature, there are a lot of phenomenological
studies which are based on the photon-induced processes at the LHC aimed at research for
new physics beyond the SM [20–52].
II. TOP QUARK PAIR PRODUCTION IN γ∗p COLLISIONS
A. The anomalous tt¯γ couplings
A method for defining possible new physics beyond the SM in a model-independent way
is effective Lagrangian approach. This approach is described by high-dimensional operators
which cause the anomalous tt¯γ coupling. These operators can be defined below [53–56]
Ltt¯γ = −geQtt¯Γµtt¯γtAµ. (1)
Eq. (1) contains the SM coupling and contributions arising from dimension-six effective
operators. Also, ge symbolizes the electromagnetic coupling constant, Qt shows the top
quark electric charge, Aµ represents the photon gauge field. Γ
µ
tt¯γ
has the following form
Γµ
tt¯γ
= γµ +
i
2mt
(aV + iaAγ5)qνσ
µν (2)
where mt is the top quark mass, qν describes the photon four-momentum, γ5qν term with
σµν breaks the CP symmetry. Thus, aA parameter describes the strength of a possible
CP violation process, which may be caused by new physics beyond the SM. Real aV and
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aA parameters are non-SM couplings and interested in the anomalous magnetic moment
and the electric dipole moment of the top quark, respectively. The relations between these
parameters and the electromagnetic dipole moments are described as follows
aV = Qtat, (3)
aA =
2mt
e
dt. (4)
B. The cross section of the process pp→ pγp→ ptt¯X
A quasi-real photon emitted from one of the two proton beams interacts with the incoming
other proton beam, and γ∗p collisions occur. Symbolic diagram of the process pp→ pγ∗p→
ptt¯X is displayed in Fig. 1.
FIG. 1: Schematic diagram for the process pp→ pγ∗p→ ptt¯X at the LHC.
In the EPA, the spectrum of photon as a function of photon energy Eγ and virtuality Q
2
can be written as [57]
dNγ
dEγdQ2
=
α
pi
1
EγQ2
[(1− Eγ
E
)(1− Q
2
min
Q2
)FE +
E2γ
2E2
FM ] (5)
where
Q2min =
m2pE
2
γ
E(E − Eγ) , (6)
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FE =
4m2pG
2
E +Q
2G2M
4m2p +Q
2
, (7)
G2E =
G2M
µ2p
= (1 +
Q2
Q20
)−4, (8)
FM = G
2
M , (9)
Q20 = 0.71GeV
2. (10)
Here, the mass of the proton is mp = 0.938 GeV, E represents the energy of the incoming
proton beam, the magnetic moment of the proton is µ2p = 7.78, FM and FE are functions of
the magnetic and electric form factors, respectively.
After integration over Q2, equivalent photon spectrum can be given by
dNγ
dEγ
=
α
piEγ
{[1− Eγ
E
][ϕ(
Q2max
Q20
)− ϕ(Q
2
min
Q20
)] (11)
where the function ϕ is described as follows
ϕ(θ) = (1 + ay)
[
−In(1 + 1
θ
) +
3∑
k=1
1
k(1 + θ)k
]
+
y(1− b)
4θ(1 + θ)3
+c(1 +
y
4
)
[
In
(
1− b+ θ
1 + θ
)
+
3∑
k=1
bk
k(1 + θ)k
]
.
(12)
Here,
y =
E2γ
E(E −Eγ) , (13)
a =
1 + µ2p
4
+
4m2p
Q20
≈ 7.16, (14)
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b = 1− 4m
2
p
Q20
≈ −3.96, (15)
c =
µ2p − 1
b4
≈ 0.028. (16)
The cross section of the process pp→ pγ∗p→ ptt¯X can be calculated by integrating the
cross section for the subprocess γ∗g → tt¯ over the photon and quark spectra:
σ(pp→ pγp→ ptt¯X) =
∫ ∫
(
dNγ
dx1
)(
dNq
dx2
)dx1dx2σˆγ∗g→tt¯ (17)
where x1 =
Eγ
E
, x2 denotes the momentum fraction of the proton’s momentum carried by
the quark. As seen in Fig. 2, the reaction γ∗g → tt¯ has two Feynman diagrams.
FIG. 2: Feynman diagrams for the subprocess γ∗g → tt¯
The CalcHEP computer package was used to calculate the cross section of the process
pp → pγ∗p → ptt¯X including the anomalous tt¯γ vertex given in Eq. (2). Thus, we obtain
numerically the cross sections as a function of the center-of-mass energies and effective
couplings:
- Total cross sections including an anomalous parameter at
√
s = 14 TeV:
σ(aV ) =
[
(0.606)a2V + (0.658)aV + 0.481
]
(pb), (18)
σ(aA) =
[
(0.606)a2A + 0.481
]
(pb). (19)
- Total cross sections including an anomalous parameter at
√
s = 27 TeV:
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σ(aV ) =
[
(2.091)a2V + (2.082)aV + 1.537
]
(pb), (20)
σ(aA) =
[
(2.091)a2A + 1.537
]
(pb). (21)
Therefore,
- Total cross section including two anomalous parameters at
√
s = 14 TeV:
σ(aV , aA) =
[
(0.606)a2V + (0.606)a
2
A + (0.658)aV + 0.481
]
(pb), (22)
- Total cross section including two anomalous parameters at
√
s = 27 TeV:
σ(aV , aA) =
[
(2.091)a2V + (2.091)a
2
A + (2.082)aV + 1.537
]
(pb). (23)
In these equations, the independent terms from aV and aA parameters indicate the cross
section of the SM. In addition, as can be understood from these equations, the linear terms
of the anomalous couplings arise from the interference between the anomalous and the SM
contribution, whereas the quadratic terms give purely anomalous contribution. Therefore,
the total cross sections of the process pp→ pγ∗p→ ptt¯X with respect to the anomalous aV
and aA couplings are represented in Figs. 3-6.
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FIG. 3: The total cross section of the process pp → pγ∗p → ptt¯X as a function of the anomalous
aA coupling for center-of-mass energies of
√
s = 14, 27 TeV.
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FIG. 4: The total cross section of the process pp → pγ∗p → ptt¯X as a function of the anomalous
aV coupling for center-of-mass energies of
√
s = 14, 27 TeV.
FIG. 5: The total cross section of the process pp → pγ∗p → ptt¯X as a function of the anomalous
aA and aV coupling for center-of-mass energy of
√
s = 14 TeV.
In Figs. 3-4, the total cross sections are calculated with considering that only one of
the anomalous aV and aA couplings have changed while the other coupling is taken into
account as zero. As seen from Figs. 3-6, the cross sections of the examined process show
a clear dependence on the anomalous aV and aA couplings. From the above equations we
understand that the anomalous parameters have different CP properties. The cross sections
have even powers of the anomalous aA coupling and a nonzero value of aA coupling permits
a constructive effect on the total cross section. On the other hand, the cross sections contain
only odd powers of aV coupling. In Fig. 4, there are small intervals around aV in which
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FIG. 6: The total cross section of the process pp → pγ∗p → ptt¯X as a function of the anomalous
aA and aV coupling for center-of-mass energy of
√
s = 27 TeV.
the cross section that includes new physics beyond the SM is smaller than the SM cross
section. Thus, aV coupling has a partially destructive effect on the total cross section. Fig.
4 represents that the deviation from the SM of the positive part of aV coupling is greater
than the deviation of the negative part. So we expect the sensitivity of the positive part of
aV coupling to be higher than the negative part.
III. LIMITS ON THE TOP QUARK’S ELECTRIC AND MAGNETIC DIPOLE
MOMENTS AT THE LHC, HL-LHC AND HE-LHC
To obtain the sensitivity on the anomalous couplings, we consider χ2 analysis with a
systematic error
χ2 =
(
σSM − σNP (aA, aV )
σSMδ
)2
, (24)
where σSM is the SM cross section, σNP (aA, aV ) is the total cross section containing contri-
butions from the SM and new physics, δ = 1√
δ2stat+δ
2
sys
, δstat =
1√
NSM
is the statistical error,
NSM = Lint × BR × σSM × btag × btag; Lint is the integrated luminosity and btag tagging
efficiency is 0.8. The top quark decays nearly 100% to b quark and W boson. For top quark
pair production, we can categorize decay products according to the decomposition of W
boson. In our calculations, we consider pure leptonic and semileptonic decays of W bosons
in the final state. Thus, while branching ratios for pure leptonic decays of W bosons are BR
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= 0.123, for semileptonic decays are BR = 0.228.
The inclusive tt¯ production cross section using 3.2 fb−1 of
√
s = 13 TeV pp collisions by the
ATLAS detector at the LHC is measured [58]. The four uncertainties giving a total relative
uncertainty of 4.4% have calculated in the process of determining the cross section of top
pair production. These are experimental and theoretical systematic effects, the integrated
luminosity and the LHC beam energy. In order to examine the limits on the electromagnetic
dipole moments of the top quark, there are also theoretical studies that take into account
systematic uncertainties. The processes γγ → tt¯ and e−e+ → e−γ∗γ∗e+ → e−tt¯e+ with
systematic uncertainties of 0, 5, 10% are discussed in Ref. [12]. In Ref. [14], the processes
γe → t¯bνe, e−e+ → e−γ∗e+ → t¯bνee+, ep → eγ∗p → t¯νebp are studied from 0% to 5% with
systematic uncertainties. In Ref. [16], a 10% total uncertainty for measurements of the
process γe → tt¯ is considered. In the light of these discussions, systematic error values of
0, 3, 5% are assumed during statistical analysis.
Figs. 7-8 indicate limit values obtained the anomalous aA and aV at 95% C.L. through
the process pp → pγp → ptt¯X at the LHC, the HL-LHC and the HE-LHC. We can easily
compare the limits obtained from the LHC, the HL-LHC and the HE-LHC for various
integrated luminosities.
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FIG. 7: 95% C.L. sensitivity limits of the aA coupling for various values of integrated luminosities
through the process pp→ pγ∗p→ ptt¯X at the LHC, the HL-LHC and the HE-LHC.
Similarly, in Figs. 9-11, we present 95% C.L. contours for aA and aV couplings couplings
for the process pp → pγp → ptt¯X at the LHC, the HL-LHC and the HE-LHC for different
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FIG. 8: Same as in Fig. 7, but for the anomalous aV coupling.
integrated luminosities. We observe from these figures that the strongest constraint on the
anomalous couplings comes from the HE-LHC with 15 ab−1.
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FIG. 9: For semileptonic channel, contours at 95% C. L. for the anomalous aA and aV couplings
for the process pp→ pγ∗p→ ptt¯X at the LHC.
For pure and semileptonic decay channels, the limits obtained at 68, 90, 95% C.L. on the
electromagnetic dipole moments of the top quark via the process pp → pγp → ptt¯X at the
LHC-14 TeV with 300 fb−1, the HL-LHC-14 TeV with 3000 fb−1 and the HE-LHC-27 TeV
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FIG. 10: Same as in Fig. 9, but for the HL-LHC.
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FIG. 11: Same as in Fig. 9, but for the HE-LHC.
with 15000 fb−1 are presented in Tables II-XIX.
In Table II, the best limits obtained on the anomalous aA and aV couplings are |aA| =
0.0864 and −1.0939 < aV < 0.0068. We observe that the anomalous aA couplings we found
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TABLE II: Limits at 68% Confidence Level on the anomalous aA and aV couplings at the LHC via
tt¯ production pure leptonic decay channel with integrated luminosities of 10, 30, 50, 100, 200 and
300 fb−1 for systematic errors of 0, 3% and 5%.
Luminosity(fb−1) δsys |aA| aV
10 0% 0.2022 (−1.1235; 0.0364)
10 3% 0.2176 (−1.1290; 0.0419)
10 5% 0.2388 (−1.1372; 0.0501)
30 0% 0.1536 (−1.1084; 0.0213)
30 3% 0.1832 (−1.1171; 0.0300)
30 5% 0.2150 (−1.1281; 0.0409)
50 0% 0.1352 (−1.1036; 0.0165)
50 3% 0.1733 (−1.1141; 0.0269)
50 5% 0.2091 (−1.1259; 0.0388)
100 0% 0.1137 (−1.0988; 0.0117)
100 3% 0.1647 (−1.1115; 0.0244)
100 5% 0.2044 (−1.1243; 0.0371)
200 0% 0.0956 (−1.0954; 0.0083)
200 3% 0.1598 (−1.1101; 0.0230)
200 5% 0.1998 (−1.1234; 0.0363)
300 0% 0.0864 (−1.0939; 0.0068)
300 3% 0.1580 (−1.1096; 0.0225)
300 5% 0.2011 (−1.1231; 0.0360)
from our process for pure leptonic decay channel with 14 TeV and 300 fb−1 are better than
those reported in Refs. [6],[8],[13],[14],[15],[16]. However, we compare our results with the
limits of Ref. [9], in which the best limits on aA and aV couplings by probing the process
pp → pγ∗γ∗p → ptt¯p at LHC-33 TeV with Lint = 3000 fb−1 are found. We see from Table
II that our limit obtained on aA coupling is nearly the same with those reported in the Ref.
[9]. While the negative part of aV coupling is 2.5 times worse than the limit calculated in
Ref. [9], the positive part of this coupling is 2.5 times better. All Tables show that our best
15
TABLE III: Same as in Table II, but for 90% C.L.
Luminosity(fb−1) δsys |aA| aV
10 0% 0.2291 (−1.1334; 0.0463)
10 3% 0.2464 (−1.1404; 0.0532)
10 5% 0.2705 (−1.1507; 0.0636)
30 0% 0.1740 (−1.1143; 0.0271)
30 3% 0.2075 (−1.1253; 0.0382)
30 5% 0.2435 (−1.1392; 0.0520)
50 0% 0.1532 (−1.1083; 0.0211)
50 3% 0.1963 (−1.1215; 0.0343)
50 5% 0.2369 (−1.1365; 0.0494)
100 0% 0.1288 (−1.1021; 0.0150)
100 3% 0.1865 (−1.1182; 0.0311)
100 5% 0.2316 (−1.1344; 0.0472)
200 0% 0.1083 (−1.0978; 0.0106)
200 3% 0.1810 (−1.1164; 0.0293)
200 5% 0.2263 (−1.1333; 0.0461)
300 0% 0.0978 (−1.0958; 0.0087)
300 3% 0.1790 (−1.1158; 0.0287)
300 5% 0.2278 (−1.1329; 0.0458)
results are given in Table XVII. These are |aA| = 0.0200 and −0.9959 < aV < 0.0003. Our
result for aA coupling is the same as the result of Ref. [10] which obtains the best limit on
the anomalous aA coupling in the literature.
In Table V, the best sensitivities derived from the process pp→ pγ∗p→ ptt¯X at the LHC
with Lint = 300 fb
−1 are obtained as |aA| = 0.0740 and aV = [−1.0921; 0.0050]. As shown
in Table XI, the best sensitivities on aA and aV couplings are 0.0416 and [1.0887; 0.0015],
respectively. However, one can see from Table XVII that the sensitivities on the anomalous
couplings are calculated as |aA| = 0.0200 and aV = [−0.9959; 0.0003]. We have seen from
these Tables that limits on the anomalous aA and aV couplings are improved for increasing
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TABLE IV: Same as in Table II, but for 95% C.L.
Luminosity(fb−1) δsys |aA| aV
10 0% 0.2831 (−1.1564; 0.0693)
10 3% 0.3046 (−1.1666; 0.0795)
10 5% 0.3343 (−1.1817; 0.0945)
30 0% 0.2151 (−1.1281; 0.0410)
30 3% 0.2564 (−1.1445; 0.0574)
30 5% 0.3010 (−1.16491; 0.0777)
50 0% 0.1893 (−1.1191; 0.0320)
50 3% 0.2427 (−1.1388; 0.0517)
50 5% 0.2928 (−1.1609; 0.0738)
100 0% 0.1592 (−1.1099; 0.0228)
100 3% 0.2305 (−1.1340; 0.0468)
100 5% 0.2862 (−1.1578; 0.0707)
200 0% 0.1338 (−1.1033; 0.0162)
200 3% 0.2237 (−1.1313; 0.0442)
200 5% 0.2797 (−1.156; 0.0691)
300 0% 0.1209 (−1.1004; 0.0133)
300 3% 0.2213 (−1.1304; 0.0433)
300 5% 0.2815 (−1.1557; 0.0685)
integrated luminosities and center-of-mass energies.
We examine the effects on the limits of systematic errors. The best limits obtained by 0%
systematic error for aA coupling are almost an order of magnitude better than the results of
5% systematic error. In addition, we find that while the sensitivity obtained on the positive
part of aV coupling with 0% systematic error can set more stringent sensitive by three orders
of magnitude with respect to the our best sensitivity derived with 5% systematic error, the
results obtained on the negative part of aV coupling are nearly the same in both errors. The
reason for these behaviors can be easily understood from Figs. 3 and 4. As seen from these
figures, while the positive part of aV coupling and aA coupling are strongly dependent on
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TABLE V: Limits at 68% Confidence Level on the anomalous aA and aV couplings at the LHC
via tt¯ production semileptonic decay channel with integrated luminosities of 10, 30, 50, 100, 200 and
300 fb−1 for systematic errors of 0, 3% and 5%.
Luminosity(fb−1) δsys |aA| aV
10 0% 0.1732 (−1.11406; 0.02694)
10 3% 0.1958 (−1.1214; 0.0341)
10 5% 0.2231 (−1.1387; 0.0440)
30 0% 0.1316 (−1.1028; 0.0157)
30 3% 0.1717 (−1.1072; 0.0264)
30 5% 0.2082 (−1.1175; 0.0385)
50 0% 0.1158 (−1.0993; 0.0122)
50 3% 0.1654 (−1.1027; 0.0246)
50 5% 0.2048 (−1.1108; 0.0373)
100 0% 0.0974 (−1.0957; 0.0086)
100 3% 0.1602 (−1.0982; 0.0231)
100 5% 0.2021 (−1.1039; 0.0363)
200 0% 0.0819 (−1.0932; 0.0061)
200 3% 0.1574 (−1.0949; 0.0223)
200 5% 0.2007 (−1.0990; 0.0359)
300 0% 0.0740 (−1.0921; 0.0050)
300 3% 0.1564 (−1.0935; 0.0220)
300 5% 0.2003 (−1.0969; 0.0382)
the total cross section, the negative part of aV coupling is very low in relation to the total
cross section.
We understand all Tables that the obtained results for the anomalous couplings in the
leptonic decay channel are weaker by up to a factor of 0.85 than those related to the hadronic
decay channel.
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TABLE VI: Same as in Table VI, but for 90% C.L.
Luminosity(fb−1) δsys |aA| aV
10 0% 0.1962 (−1.1214; 0.0343)
10 3% 0.2218 (−1.1306; 0.0435)
10 5% 0.2528 (−1.1430; 0.0559)
30 0% 0.1491 (−1.1072; 0.0200)
30 3% 0.1945 (−1.1208; 0.0337)
30 5% 0.2358 (−1.1361; 0.0489)
50 0% 0.1312 (−1.1027; 0.0156)
50 3% 0.1874 (−1.1185; 0.0313)
50 5% 0.232 (−1.1345; 0.0474)
100 0% 0.1103 (−1.0982; 0.0110)
100 3% 0.1814 (−1.1166; 0.0295)
100 5% 0.2290 (−1.1333; 0.0462)
200 0% 0.0928 (−1.0949; 0.0078)
200 3% 0.1783 (−1.1156; 0.0285)
200 5% 0.2274 (−1.1327; 0.0456)
300 0% 0.0838 (−1.0935; 0.0064)
300 3% 0.1772 (−1.1152; 0.0281)
300 5% 0.2269 (−1.1325; 0.0454)
IV. CONCLUSIONS
Investigation of the top quark coupling to photons offers one of the important alternatives
to explore new physics beyond the SM such as the electric and magnetic dipole moments of
the top quark. However, the electric dipole moment of the top quark is especially interesting
since it is very sensitive to possible new sources of CP violation in the lepton and quark
sectors.
γ∗γ∗ and γ∗p collisions at the LHC provide a suitable platform to examine new physics
beyond the SM. γ∗p collisions have high center-of-mass energy and high luminosity compared
to γ∗γ∗ collision. Furthermore, γ∗p collisions due to the remnants of only one of the proton
19
TABLE VII: Same as in Table VI, but for 95% C.L.
Luminosity(fb−1) δsys |aA| aV
10 0% 0.2425 (−1.1387; 0.0516)
10 3% 0.2741 (−1.1523; 0.0652)
10 5% 0.3124 (−1.1705; 0.0834)
30 0% 0.1842 (−1.1175; 0.0303)
30 3% 0.2403 (−1.1378; 0.0507)
30 5% 0.2915 (−1.1603; 0.0732)
50 0% 0.1621 (−1.1108; 0.0236)
50 3% 0.2315 (−1.1344; 0.0472)
50 5% 0.2867 (−1.1581; 0.0710)
100 0% 0.1363 (−1.1039; 0.0168)
100 3% 0.2242 (−1.1315; 0.0444)
100 5% 0.2830 (−1.1563; 0.0692)
200 0% 0.1146 (−1.0990; 0.0119)
200 3% 0.2203 (−1.1300; 0.0429)
200 5% 0.2810 (−1.1554; 0.0683)
300 0% 0.1036 (−1.0969; 0.0098)
300 3% 0.2189 (−1.1295; 0.0424)
300 5% 0.2804 (−1.1552; 0.068)
beams provide fewer backgrounds according to usual pp deep inelastic scattering. Moreover,
since it has cleaner background, γ∗p collisions may provide a good opportunity to examine
the anomalous tt¯γ couplings that define the electromagnetic dipole moments of the top
quark.
The anomalous tt¯γ coupling has very strong energy dependence due to contributions
arising from dimension-six effective operators. Therefore, the total cross section with the
anomalous tt¯γ coupling has higher energy dependence than the cross section of the SM.
In this respect, investigation of the anomalous tt¯γ coupling in particle colliders with high
center-of-mass energy can be extremely important in determining a possible new physics
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TABLE VIII: Limits at 68% Confidence Level on the anomalous aA and aV couplings at
the HL-LHC via tt¯ production pure leptonic decay channel with integrated luminosities of
500, 1000, 1500, 2000, 2500 and 3000 fb−1 for systematic errors of 0, 3% and 5%.
Luminosity(fb−1) δsys |aA| aV
500 0% 0.0760 (−1.0924; 0.0053)
500 3% 0.1566 (−1.1092; 0.0221)
500 5% 0.2004 (−1.1227; 0.0357)
1000 0% 0.0639 (−1.0908; 0.0037)
1000 3% 0.1555 (−1.1089; 0.0218)
1000 5% 0.1999 (−1.1227; 0.0355)
1500 0% 0.0577 (−1.0901; 0.0030)
1500 3% 0.1551 (−1.1088; 0.0217)
1500 5% 0.1997 (−1.1226; 0.0355)
2000 0% 0.0537 (−1.0897; 0.0026)
2000 3% 0.1550 (−1.1087; 0.0216)
2000 5% 0.1995 (−1.1225; 0.0355)
2500 0% 0.0508 (−1.0894; 0.0023)
2500 3% 0.1548 (−1.1087; 0.0216)
2500 5% 0.1995 (−1.1225; 0.0354)
3000 0% 0.0485 (−1.0892; 0.0021)
3000 3% 0.1548 (−1.1087; 0.0216)
3000 5% 0.1995 (−1.1225; 0.0354)
signal beyond the SM.
For these reasons, we have examined a phenomenological investigation to analyze the
sensitivity of the LHC to the anomalous tt¯γ vertex taking into account the pure leptonic
and the semileptonic decay channels of the top quark pair production in the final states of
the process pp→ pγp→ ptt¯X at the center-of-mass energies of 14, 27 TeV. Our results show
that with a center-of-mass energy of HE-LHC-27 TeV, integrated luminosity of 15 ab−1 with
the semileptonic decay channel, it is likely that while the LHC can be obtained limits on
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TABLE IX: Same as in Table VIII, but for 90% C.L.
Luminosity(fb−1) δsys |aA| aV
500 0% 0.0861 (−1.0939; 0.0067)
500 3% 0.1774 (−1.1153; 0.0287)
500 5% 0.2270 (−1.1324; 0.0455)
1000 0% 0.0724 (−1.0919; 0.0048)
1000 3% 0.1762 (−1.1149; 0.0278)
1000 5% 0.2264 (−1.1324; 0.0452)
1500 0% 0.0654 (−1.0910; 0.0039)
1500 3% 0.1757 (−1.1148; 0.0277)
1500 5% 0.2262 (−1.1323; 0.0452)
2000 0% 0.0609 (−1.0905; 0.0034)
2000 3% 0.1755 (−1.1147; 0.0276)
2000 5% 0.2260 (−1.1323; 0.0451)
2500 0% 0.0576 (−1.0901; 0.0030)
2500 3% 0.1754 (−1.1147; 0.0276)
2500 5% 0.2260 (−1.1323; 0.0451)
3000 0% 0.0550 (−1.0899; 0.0027)
3000 3% 0.1753 (−1.1147; 0.0275)
3000 5% 0.2260 (−1.1323; 0.0451)
the top quark’s electric dipole moment up to a sensitivity of the order 10−4, the limits on
the magnetic dipole moment can reach up to a sensitivity of the order 10−2.
As a result, γ∗p collisions at the LHC have a great potential to study the electric and
magnetic dipole moments of the top quark.
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TABLE X: Same as in Table VIII, but for 95% C.L.
Luminosity(fb−1) δsys |aA| aV
500 0% 0.1064 (−1.0974; 0.0103)
500 3% 0.2193 (−1.1296; 0.0425)
500 5% 0.2805 (−1.1549; 0.0681)
1000 0% 0.0895 (−1.0944; 0.0073)
1000 3% 0.2177 (−1.1291; 0.0420)
1000 5% 0.2798 (−1.1549; 0.0678)
1500 0% 0.0809 (−1.0931; 0.0059)
1500 3% 0.2172 (−1.1289; 0.0418)
1500 5% 0.2796 (−1.1548; 0.0677)
2000 0% 0.0752 (−1.0923; 0.0051)
2000 3% 0.2169 (−1.1288; 0.0417)
2000 5% 0.2794 (−1.1548; 0.0676)
2500 0% 0.0712 (−1.0917; 0.0046)
2500 3% 0.2168 (−1.1287; 0.0416)
2500 5% 0.2794 (−1.1548; 0.0676)
3000 0% 0.0680 (−1.0913; 0.0042)
3000 3% 0.2167 (−1.1287; 0.0416)
3000 5% 0.2794 (−1.15482; 0.0675)
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TABLE XVI: Same as in Table XIV, but for 95% C.L.
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TABLE XVII: Limits at 68% Confidence Level on the anomalous aA and aV couplings at
the HE-LHC via tt¯ production semileptonic decay channel with integrated luminosities of
1000, 3000, 5000, 10000 and 15000 fb−1 for systematic errors of 0, 3% and 5%.
Luminosity(fb−1) δsys |aA| aV
1000 0% 0.0394 (−0.9970; 0.0015)
1000 3% 0.1486 (−1.0172; 0.0217)
1000 5% 0.1917 (−1.0312; 0.0356)
3000 0% 0.0299 (−0.9964; 0.0009)
3000 3% 0.1485 (−1.0172; 0.0216)
3000 5% 0.1917 (−1.0311; 0.0356)
5000 0% 0.0263 (−0.9962; 0.0007)
5000 3% 0.1485 (−1.0172; 0.0216)
5000 5% 0.1917 (−1.0311; 0.0356)
10000 0% 0.0221 (−0.9960; 0.0004)
10000 3% 0.1485 (−1.0172; 0.0216)
10000 5% 0.1917 (−1.0311; 0.0356)
15000 0% 0.0200 (−0.9959; 0.0003)
15000 3% 0.1485 (−1.0172; 0.0216)
15000 5% 0.1917 (−1.0311; 0.0356)
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TABLE XVIII: Same as in Table XVII, but for 90% C.L.
Luminosity(fb−1) δsys |aA| aV
1000 0% 0.0446 (−0.9975; 0.0020)
1000 3% 0.1684 (−1.0232; 0.0277)
1000 5% 0.2172 (−1.0408; 0.0453)
3000 0% 0.0339 (−0.9966; 0.0011)
3000 3% 0.1684 (−1.0232; 0.0276)
3000 5% 0.2171 (−1.0408; 0.0452)
5000 0% 0.0298 (−0.9964; 0.0008)
5000 3% 0.1682 (−1.0232; 0.0276)
5000 5% 0.2171 (−1.0408; 0.0452)
10000 0% 0.0251 (−0.9961; 0.0006)
10000 3% 0.1682 (−1.0232; 0.0276)
10000 5% 0.2171 (−1.0408; 0.0452)
15000 0% 0.0226 (−0.9960; 0.0005)
15000 3% 0.1682 (−1.0232; 0.0276)
15000 5% 0.2171 (−1.0408; 0.0452)
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TABLE XIX: Same as in Table XVII, but for 95% C.L.
Luminosity(fb−1) δsys |aA| aV
1000 0% 0.0551 (−0.9985; 0.0030)
1000 3% 0.2081 (−1.0372; 0.0418)
1000 5% 0.2684 (−1.0632; 0.0678)
3000 0% 0.0419 (−0.9973; 0.0017)
3000 3% 0.2079 (−1.0372; 0.0418)
3000 5% 0.2683 (−1.0632; 0.0677)
5000 0% 0.0368 (−0.9969; 0.0013)
5000 3% 0.2079 (−1.0372; 0.0416)
5000 5% 0.2683 (−1.0632; 0.0677)
10000 0% 0.0310 (−0.9965; 0.0009)
10000 3% 0.2078 (−1.0372; 0.0416)
10000 5% 0.2683 (−1.0632; 0.0677)
15000 0% 0.0280 (−0.9963; 0.0007)
15000 3% 0.2078 (−1.0372; 0.0416)
15000 5% 0.2683 (−1.0632; 0.0677)
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